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We show that models with exotic leptons transforming as E ^ (1,3,-1) under the standard 
model gauge symmetry are well suited for generating neutrino mass via a radiative inverse seesaw. 
This approach realizes natural neutrino masses and allows multiple new states to appear at the 
TeV scale. The exotic leptons are therefore good candidates for new physics that can be probed 
at the LHC. Furthermore, remnant low-energy symmetries ensure a stable dark matter candidate, 
providing a link between dark matter and the origins of neutrino mass. 
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I. INTRODUCTION 

The seesaw mechanism [l| provides a simple means for 
generating naturally light standard model (SM) neutri- 
nos. This simplicity, however, comes at a cost. If the 
Dirac Yukawa couplings in the neutrino sector are large 
[e.g. 0(1)], as argued on the basis of naturalness, the 
gauge-singlet neutrinos must be very heavy, and there 
is essentially no hope of experimentally producing them. 
Thus, if the seesaw is realized naturally in nature, the 
origin of neutrino mass will remain a mystery for the 
foreseeable future. 

Beyond the seesaw mechanism, however, there exist al- 
ternative approaches capable of explaining neutrino mass 
(see e.g. For example, light neutrinos can be real- 
ized naturally without invoking new high-energy physics 
if the right-handed neutrinos are low-energy composites 
of a confining hidden sector ^} In principle, such mod- 
els are easier to experimentally verify than a high-energy 
seesaw. In practice, models with light new physics can 
be similarly difficult to probe, due to very weak cou- 
plings. Indirect signals like flavor changing decays 
CMB signals @, or galactic X-ray signals Q, often pro- 
vide the best way to probe such scenarios. This is more 
promising than the somewhat bleak outlook afforded by 
the canonical seesaw, though it would be preferable if the 
new physics associated with neutrino mass was amenable 
to direct experimental production. 

The likelihood of discovering new-physics related to 
neutrino mass increases if it includes new TeV-scalc par- 
ticles that are charged under the SM. Radiative models 
of neutrino mass provide a good example; here the SM 
couples to new fields that can potentially be probed at 
the LHC, while neutrino mass is generated as a small 
loop-effect . These models are very promising from an 
experimental point of view, as the connection between 



small masses and new TeV-scale physics offers perhaps 
the best hope of discovery (see e.g. H). 

With this in mind, it is worthwhile considering exotic 
states with O (TeV) masses that have gauge invariant, 
renormalizable couplings to SM fermions. As one may 
expect, not many such candidates exist [lol . [ll| . and 
most of those suitable for generating neutrino mass have 
been studied extensively. An interesting exception are 



the exotic leptons Eji 



Err 



which form 

an SU(2)l triplet with hypercharge Y = —1.^ Despite 
comprising a modest (and testable) extension of the SM, 
these states have been largely neglected in the literature. 
Fortunately this deficiency was recently rectified; discov- 
ery prospects at the LHC were analyzed in [lO|, and 
their low-energy phenomenology was studied in I 111 . Fur- 
ther studies were subsequently performed by [l3|. The 
phenomenology of these exotics was somewhat interest- 
ing — they can induce tree-level modifications to flavor- 
changing currents, leading to non-unitary mixing effects 
in weak interactions, and lepton flavor violation [ll| . Fur- 
thermore, the collider signatures of the doubly-charged 
lepton are very distinctive (lol [l3|.'^ 

Given that current bounds permit these exotics to be 
discovered at the LHC [l3, [U, US] , it is worth asking if 
they could enable new mechanisms for generating neu- 
trino mass. We investigate this matter in the present 
work, finding that new approaches can arise. In partic- 
ular, the resulting neutral-lepton mass matrix is sugges- 
tive of an inverse seesaw mechanism [l6j , and we present 
simple models that achieve a (non-standard) radiative in- 
verse seesaw [l3| • These models allow one to realize small 
neutrino masses without invoking tiny parameters, and 
permit the new physics to appear at the TeV scale. Fur- 
thermore, the models contain remnant low-energy sym- 
metries that ensures the stability of a new dark matter 
candidate — an unintended but welcome consequence. 



'Electronic address: slaw@mai l.ncku.edu.twl 
t Electronic address: kris tian@mpi-hd.mpg.de] 

^ Equivalently, via AdS/CFT, if they propagate in a hidden 
warped space 3. 



^ These differ from the Y = triplet in the type III seesaw llSll . 

^ The minimally coupled lepton doublet with Y = —3/2 also pre- 
dicts a doubly charged lepton [Tol . Il4l| , but its phenomenology is 
markedly different. For related work see [Tsll . 
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The plan of this paper is as fohows. We briefly discuss 
the exotic leptons and elucidate why they are suggestive 
of an inverse seesaw in Sec.|lll Simple models that achieve 
a radiative inverse seesaw are presented in Sec. IIIIl Con- 
clusions are drawn in Sec. IIVI and additional pertinent 
details appear in an appendix. 



II. NEUTRINO MASS AND EXOTIC TRIPLETS 

We extend the SM to include the exotic triplets Ej^l, 
which transform under Gsm = SU(3)c (E) SU(2)l ® U(l)y 
as 



Er.l = I E- 

,E— 



(1,3,-1). 



(1) 



The gauge invariant Lagrangian thus includes the terms 

C D -YeLl<PEr - MeElEr + H.c. , (2) 

where Ll {4>) is the SM lepton (Higgs) doublet. For a 
given value of Me, the Yukawa couplings Ye are con- 
strained by Z decays and lepton flavor violation [ll[ . We 
are interested in Me — 1 TeV, in which case the matrix 
elements must satisfy [lH 

(YeU < 1 and {Ye),j < 10"^ for z ^ j , (3) 

barring tuned cancellations. 

With this minimal anomaly-free extension, the neutral 
lepton mass matrix is 



M 



^£(0°) 



mv - , Me 

Me 



(4) 



in the basis {vl, E^, E^}. This matrix conserves lep- 
ton number symmetry, and one obtains a heavy Dirac 
neutrino and a massless (mostly SM) neutrino per gen- 
eration. As a result, additional ingredients are required 
to generate nonzero SM neutrino masses.^ Note, how- 
ever, that the matrix ({4]) is suggestive of two familiar 
forms in the literature — namely those of the double 
seesaw mechanism (see e.g. po| ) and the inverse seesaw 
mechanism [l^. The former approach is unsuitable in 
the present context as it requires one to break the elec- 
troweak symmetry at a scale ^ Me ~ TeV. Thus we are 
led to consider an inverse seesaw. Let us briefly summa- 
rize the main features of this approach. 

The canonical inverse seesaw requires one to add a 
four-component singlet fermion (per family) to the SM. 



* This is similar to radiative models, for which the extension by 
one exotic is typically insufficient to generate neutrino mass (see 
e.g. [3. llSH ). Also see [Tgll . which includes lepton triplets. 



Consequently, in the basis {vLjipR^ip^}, the mass matrix 
has the form 



m 
A^inv ^ \ m Sr M 
M Sl, 



(5) 



where m and M are Dirac masses while S^ r are (bare) 
Majorana masses. A field-redefinition freedom ensures 
that the Vl{i1^lY entry can be set to zero. When 5l,r^ 
0; lepton number symmetry is explicitly broken and all 
three fields acquire mass. The inverse seesaw occurs in 
the technically-natural limit of 5l.r. ^ "^-j M , for which 
the eigenvalues are 



mi 



A/2 



(6) 



m2,3 = =p-\/ 777.2 _|_ Jyj2 



M'^Sr 



S 



2(7772 ^_ ^/2) 

Observe that the light neutrino mass (i.e. 7771) is sup- 
pressed by the smallness of 6^, with further suppression 
if 77K M. 

An interesting feature of this scheme is that it al- 
lows significant mixing between ly^ and ipL, namely 
e ~ 0{y^\mi/SL\)- For mi < 0.1 eV and Sl < 30 keV 
(compatible with the new physics M being at the TeV 
scale), this mixing is O (10~'^) and non-unitary mixing ef- 
fects may be detectable in future experiments [2l[. Note 
that the mixing between vl and ipR is at the level of 
O (mi/m) ~ O (lO"^) and remains negligible.^ 

For our purposes, the key point to note is that when 
the small parameters vanish {Sl^r — )■ 0), the mass matrix 
dl]) reduces to that obtained with exotic leptons in Q. 
This suggests that Sl,r are small because they are zero at 
tree-level, and that S[,^r ^ is generated radiatively by 
new physics that communicates with E^^r. This would, 
in turn, lead to small SM neutrino masses via a radiative 
inverse seesaw. In the following section we present simple 
models that realize this idea. 



III. RADIATIVE INVERSE SEESAW WITH 
EXOTIC LEPTON TRIPLETS 

We wish to generate small values of 5l,r to enable an 
inverse seesaw mechanism involving the triplets Er,l- To 
this end, we consider models that radiatively generate 
nonzero Sl,r-^ We present two such models; one em- 
ploying an extended gauge symmetry, and another with 
a global Z4 symmetry. 



^ For these parameters, a normal type-I/III seesaw gives mixing 
of O (10~^). The type-II seesaw [23 | does not lead to unitarity 
violation. 

® It appears that one could add a scalar a ~ (1, 5, —2) to obtain the 
terms Sl,rEI~^{EI with 5l,r oc (o-"). However, (a°) 7^ 
produces a Goldstone mode, and tuning is required to obtain 
O (eV) neutrino masses when the new physics is O(TeV). 
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A. Model with a gauged U(l) 

Nonzero Sl,F!. can be generated radiatively by intro- 
ducing new particles that are charged under a hidden 
(or "dark") gauge symmetry. We consider the extended 
gauge group Gsm ® U(l)d, with new fields that transform 
as 



E 



R,L 



(1,3,-1)(0), N 



R,L 



(l,l,0)(d) 



e^(l,3,-l)(-d), 77^(l,l,0)(d), x~(l,l,0)(2d). 

Here the first (second) line contains exotic fermions 
(scalars), and d is an arbitrary charge that can be set 
to unity. These particles, together with the SM fields 
(which are U(l)d singlets), form an anomaly-free set. In 
addition to ([2|) , the Lagrangian contains the terms 

C D h^EUNR + hJ^RiNnfx + MnNlNr 

+ h'^ERiNL + h'^LiNLfx + H.c. , (7) 

where /i^.^ and h'^ ^ are Yukawa couplings. 

Suppose that our model building choices enforce the 
following VEV pattern 

(<^")c.l74GeV, (C"),(77)=0, (x) 7^ . (8) 

Then, in the basis {i^l, £'^, }, the tree- level mass ma- 
trix has the form Q with a conserved lepton-number 
symmetry. In addition, the 2x2 mass matrix for the 
"dark" neutrinos Nl,r. decouples, and the associated 
mass cigcnstates are two (Majorana) linear combinations 
of Nl^r. These dark neutrinos do not mix with the other 
fields — a statement that holds to all orders in pertur- 
bation theory, as we explain below. 
The most general scalar potential is 

Vs = (0^) + A40^0) + hdi^O + ^^{ri^v) 



1 



(9) 



Observe that lepton number symmetry is broken explic- 
itly in the last line. As a result, one expects the Majo- 
rana masses Sl,r to be generated radiatively. Indeed, Sl 
is generated via the one-loop dim-9 diagram in Fig. [1] 
The corresponding diagram for Sr, is obtained with ap- 
propriate mass insertions. 

Writing the scale of new physics as A ~ M^, M^, Mn 
(the masses for ^, ry, Nr^l respectively), the one-loop Ma- 
jorana mass is approximately 



1 hlh^^ln m{x? 



167r2 



15 



A6 



(10) 



For (x) A ~ 1 TeV, 

Mfjx — GeV (electroweak scale) 
and A50^,/i5,x = C(l), we have \5l \ ~ 0(10 - 100) kcV. 



E 



El 



(x) 



FIG. 1: One-loop diagram for the Majorana mass Sl- Note 
that Sr is obtained via A'Ie mass insertions at both ends. 



Using this in ©, with the conservative value Ye — 10~^ 
for Me — 1 TeV, gives a light neutrino mass of about 
10~^ eV. Hence, there is no severe tuning and small neu- 
trino masses are compatible with the new physics appear- 
ing at the TeV scale.'' 

Note that the VEV pattern in is easily achieved. A 
small hierarchy between (0°) and (x) — O (TeV) is ob- 
tained provided the mixing term A0p^0^(/)x^X is not too 
large. The requirement that (^°), (77) = is also compat- 
ible with {(jP), (x) 7^ 0, as long as aU couplings involving 
^ and r] in Vs are positive. The stability of the classical 
vacua may be affected by radiative corrections, includ- 
ing fermion loops induced by 7^ 0. However, for 
a given set of classical parameters that achieve one 
can always select a suitable cut-off to ensure this mini- 
mum persists at the quantum level. If needed, one can 
also reduce , h'^ to allow larger values of the cut-off. 
Smaller values of help to suppress Sl, so smaller A 
can be used. 

Since ^ is charged under Gsm, one might naively 
worry about the SM p-parameter. However, we require 
(^°) = 0, so there are no tree-level corrections to the SM 
value and the model lies safely within experimental lim- 
its. Note that symmetry breaking induces mass mixing 
between x and (ffi, providing a channel for communica- 
tion between the SM and the hidden sector. There is also 
mixing between ^ and r], though these scalars do not mix 
with X and 0*^. 

The hidden sector will also communicate with the SM 
via gauge kinetic- mixing j23j between U(l)d and hyper- 
charge. The mixing term in the Lagrangian is 



£ D (cos^^i^^, - sin^^Z^,) Z^" , (11) 



where 9^, is the weak mixing angle, and the mixing pa- 
rameter obeys k 1 (sec below). To leading order in 



The model also generates a three-loop dim-7 diagram for the 
Vl(ul)'^ mass term. We show in the Appendix that this does not 
afEect our conclusions. There is also a two-loop dim-7 diagram for 
Sl,r, but this is subdominant when the new states are O(TeV) 
(see Sec. lnTBl l. 
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K, the mixed kinetic-Lagrangian is diagonalized by the 
following field redefinitions: 



^ Z^ + Ksin6l,„Z^ , 



In this basis, the mass terms for Z and Zri are 



^ 77 '^1^^ + Ksm9^Tn%ZZd + -m| 



Hence, to this order, the Z-Z^ mixing angle is 



K sin 6„ 



(12) 



(13) 



(14) 



which is suppressed by both small k and the mass ratio 
™z /™z ■ T^^*^ corresponding mass eigenvalues are — 



ml[l + 0{K^)] and 



J1 + 0(k2)]. With these 



results, one obtains the coupling between the physical 
massive vectors and matter: 



C D -Z^ [Jz + OdJzA 



yl-l 



— kJy — QdJz], 



where Jy is the SM hypercharge current. Thus, the dom- 
inant effect of the kinetic mixing is to induce a small 
coupling of Zd to Jy when n':^ Od- 
in addition to collider signals due to the triplets i?L,_R, 
the new vector Zd can produce observable effects. De- 
tailed phenomenological studies of a hidden vector with 
mass Mzj^ ^ 200 GeV have appeared in the litera- 
ture p3 |. In the present model, when Zd and x ^re the 
lightest exotic states, the constraints on k are similar to 
those obtained in Ref. |24i : 



\k\ < 0.006 X 



TeV 



(15) 



The 0{k^) suppression forces the width to be rather nar- 
row, but discovery remains possible in regions of param- 
eter space p^ . 

Finally, let us point out another welcome feature of the 
model — namely the existence of a stable dark matter 
candidate. Note that when x develops a nonzero VEV, 
the V{l)d symmetry is broken to a residual Z2. Since 
(S,^), {ij) = 0, this symmetry, whose action is defined by 

{Nr,L,C,V} -{NR,L,^,'ri} , "Mothers V'othors , (18) 

remains as an exact (accidental) symmetry of the low- 
energy Lagrangian. This prevents iV_R,L from mixing 
with the other leptons, as aforementioned. Furthermore, 
it forces the lightest particle among Nr^l, and 77 to 
be absolutely stable, ensuring a dark matter candidate. 
Since neutrino masses can be generated with couplings 
as large as 0(1), it is trivial to obtain the correct dark 
matter abundance via freeze-out with A ~ O (TeV) . The 
dark matter is therefore a standard WIMP whose stabil- 
ity is related to the origin of neutrino mass (see e.g. [25|). 

The charged components of ^ also transform non- 
trivially in (|18p . Thus, one must ensure that ^~ and 
^ can decay in order to avoid having a (cosmologically 
excluded) stable charged particle. This is easy to achieve. 
For example, if the dark matter candidate is the lightest 
linear-combination of Nl^r, the decay ^~ — > N is al- 
lowed provided > AIe + Mm- Similarly, if x is the 
dark matter candidate, decays like C~ ~^ X 7 can be 
allowed.^ 

Note that the phenomenology of Zd also depends on 
the mass spectrum of the exotics. For instance, when the 
dark matter candidate is the lightest linear-combination 
of Nrxi the invisible decay Zd NN may occur. The 
width for this decay is T{Zd — !• NN) ~ g^Mz^, which 
is expected to dominate the SM width in (|16p , given the 
©(k^) suppression of the latter. Consequently, Zd decays 
produce missing energy signals in this case. 



Clearly, k ^ 1 is necessary for Mz^ ^ TeV, though the 
constraint is compatible with k being generated at the 
one-loop level. 

Once produced in a collider, the hidden vector can de- 
cay back to SM fermions. These decays proceed through 
the kinetic mixing, and in the limit Mz^ 2> Mz the 
widths are 



nzd ^ /./) 



K^aNc 
6 cos^ du 



[K + yfAMz,- (16) 



Here a is the fine-structure constant, Yf is the hyper- 
charge value, and Nc is the color factor. Notice the dis- 
tinctive hypercharge dependence, which ensures that the 
branching fractions to SM fermions are approximately 
set by [y^^ Summing over kinematically available 

final states (including VF+VF") gives [l^l 



F; 



0.2 X 



0.01 / V TeV 



GeV 



(17) 



B. Model with a global Z4 

We have seen that a simple gauge extension of the SM 
allows one to generate SM neutrino masses via the exotic 
leptons Efi^L- In this subsection we briefiy show that a 
related radiative inverse seesaw can occur in models with 
a discrete symmetry. Specifically, we consider a global Z4 
symmetry, with exotic fields that transform under Gsm x 
Z4 as 



(1,3,- 



^(1,3,-1)(1), iVfl^(l,l,0)(i), (19) 
1)(-*), r?^(l,l,0)(*), x~(l,l,0)(-l). 



Treating the g''- rj mixing as a mass insertion, the components 
of ^ are degenerate at the classical level. Loop corrections are 
expected to lift this degeneracy. If the radiative splittings make 
the charged components heavier, decays like — s> W~ 7 
would also occur (the W could be off-shell). 
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As before, -B_r,l and Nn are fermions, while ^, ry and x 
are scalars. All SM particles are neutral under Z4. Note 
that the chiral state is no longer required, as the 
leptons in together with the SM fermions, form an 
anomaly- free set. As a result, the interaction Lagrangian 
does not contain the A'^L-terms shown in ([7]) but is oth- 
erwise identical. The scalar potential remains as in ([SJ, 
with Icpton number symmetry broken explicitly, so one 
expects nonzero S^ ji to be generated radiativcly. 

In addition to the change in particle content, we con- 
sider the following VEV pattern 



(0")~174GcV, (eO),(r;),(x) -0 



(20) 



Observe that the Z4-charged scalars have vanishing 
VEVs so the discrete symmetry remains intact. This pre- 
vents any mixing between Nji and the other leptons. It 
also forbids the one-loop diagram for 5l in Fig.[T] How- 
ever, nonzero Sl is generated at the two-loop level by the 
diagram in Fig. O 

In the simplifying limit ^ A, where A is the (ap- 
proximate) common mass of the other exotics, one gets^ 



IV. CONCLUSION 

We have presented simple models for neutrino mass 
that realize a radiative inverse seesaw via the exotic lep- 
ton triplets i5_R,L ~ (1, 3, —1). The models employ an ex- 
tended field content, and allow multiple new states to ap- 
pear at the TeV scale. The leptons E^x, and the hidden 
vector Zd (appearing in one model) , are good candidates 
for new physics that can probed at the LHC. Further- 
more, the models contain stable dark matter candidates 
due to remnant low-energy symmetries. 
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Appendix A 



(167r2)2 ^2^2 



(21) 



Adding a nonzero VLii^hY entry to the inverse seesaw 
mass matrix ^ gives 



Thus, one readily obtains suitable light neutrino masses 
for natural parameters. 



El 



— < — 1 — > — i— 

Np. Nn 



El 



FIG. 2: Two-loop diagram for the Majorana mass 5l- Sr is 
obtained via Me mass insertions at both ends. 



Unsurprisingly, the exact Z4 symmetry ensures that 
the lightest Z4-charged state is a stable dark matter can- 
didate. Distinct from the U{l)d model, however, one can 
now have a multi-component dark matter scenario. For 
example, if x is the lightest Z4-charged state, then the 
lightest field out of rj, ^ and Nu is also stable. Similarly, 
if either of 77, ^ or Nji are the lightest Z4-charged state, 
then X is also stable if < 2Mdm {M^m being the mass 
of the lightest dark matter candidate) . The phenomenol- 
ogy of this model differs from the U{l)d model due to 
the absence of Zd (and Nl), but the model is otherwise 
very similar. 



(5„j m 
Minv = \ m Sr M 
M 6l, 



(Al) 



In the small 6m limit the eigenvalues are now given by 



mi 



(A2) 



m2,3 = ^\/rn? + AP + 
O {5^) . 



2(?n2 + AP) 2(m2 + AP) 



Sr 
2 



(A3) 



Thus, provided 5m ^ m?6L/{m'^ + M'^), the lightest 
eigenvalue remains on the order of the standard inverse 
seesaw result, mi = 0{m'^SL/M'^). 

In the U{l)d model of Sec. IIII Al nonzero 5m is gen- 
erated at the three-loop level by the diagram shown in 
Fig. O In the large limit one can approximate this 
diagram as 



(167r2) 



2\3 



3M| 





"M2 + A2' 




jlog 




-1 


A2 



(A4) 



® With Feynmann parameters one can relate the two-loop integral 
to that evaluated in 1291. 



where A ( ^ m^o ) gcnerically denotes the mass of the 
other exotics. When the exotics are at the TeV scale, the 
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Nl 



result (|A4p is subdominant to the one-loop expression 
obtained in Sec. IIII A| due to the additional loop-factor 
suppression. 



FIG. 3: A three-loop dim-7 contribution to the entry 
of the neutral lepton mass matrix in the U(l)d model. 
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